Climate models project a much more substantial warming than the 2°C target under the more 12 probable emission scenarios, making higher end scenarios increasingly plausible. Freshwater 13 availability under such conditions is a key issue of concern. In this study, an ensemble of 14 Euro-CORDEX projections under RCP8.5 is used to assess the mean and low hydrological 15 states under +4 of the historical hydrology. It is also found that the selection of the observational dataset for 25
where the average state may not considerably be affected, low flows are expected to reduce 21 leading to changes in the number of dry days and thus drought climatology. The identified 22 increasing or decreasing runoff trends are substantially intensified when moving from the +2 23 to the +4 degrees of global warming. Bias correction resulted in an improved representation 24 of the historical hydrology. It is also found that the selection of the observational dataset for 25 the application of the bias correction has an impact on the projected signal that could be of the 26 same order of magnitude to the selection of the GCM. century. By that time, the seasonality of river discharge is expected to get more pronounced 5 for one-third of the global land surface, which translates to increased high flows and 6 decreased low flows (Van Vliet et al., 2013) . By the mid-century, the hydrological regime is 7 projected to change considerably for a significant part of the global land surface (Arnell and 8 Gosling, 2013). The effect that global warming can have on water resources raises serious 9 concerns on future water availability, especially under the pressure of the growing global 10 population and the consequent increased food production needs. It is projected that the 11 number of people coping with significantly reduced water availability will increase by 15% 12 globally due to climate change, while the percentage of the global population living under 13 conditions of absolute water scarcity is also projected to increase (Schewe et al., 2014) . 14 In this framework, the future hydrological state needs to be assessed. The runoff production is 15 the component of the hydrological cycle most representative to describe freshwater 16 availability, as it expresses the amount of available water after the evapotranspiration and 17 infiltration losses and before any stream formation process intervenes. during long-term droughts surpass the resilience of the hydrological systems and are a 32 significant threat to water resources security in Europe (Parry et al., 2012 affected by droughts is expected to increase by a factor of seven, overcoming the 150 13 million/year. 14 GCM outputs, used as input in impact models to assess the effects of climate change, feature 15 systematic errors and biases. To deal with these, several bias correction techniques have been 16 developed to statistically adjust the GCM output against observations. This process adds 17
another level of uncertainty in the chain of climate to impact modelling that has to be 18 The major tools for the investigation of large scale hydrological changes due to climate 1 change are Global Hydrological Models (GHMs) and/or Land Surface Models (LSMs). The scope of this work is to assess future water availability and identify drought conditions in 9 the European region under high-end scenarios of climate change. Transient hydrological 10 simulations for the period 1971 to 2100 were performed by forcing the JULES model with 11
five Euro-CORDEX (Coordinated Downscaling Experiment over Europe) climate projections. 12
Water availability is described by the output of runoff production. In our analysis the model 13 results are mainly interpreted statistically, aiming to express the changes found in the 14 projected future periods with respect to the historical baseline state rather than describing 15 future regimes with absolute numbers. The research objectives set by this study are the of this study, thus the last 30 year period available is considered instead (2071-2100). The 22 SWL exceeded during that period for the models that reach +4 after 2100 is shown in Table 1 . 23
For reasons of consistency in terminology the time-slice of all models describing the greater 24 SWL achieved will be referred to as +4 SWL time-slice. 25
Using the SWL concept constitutes the results independent of the timing that the warming 26 occurs. Although by definition of the SWL, the models reach the same level of warming in 27 their time-slices, the different model sensitivity reflects on the evolution of temperature in the 28 time-slice, as more sensitive models are expected to have higher rates of changes in the period 29 before and after a specific SWL is achieved compared to the less sensitive models. Moreover, 30 considering models of different ECS is important to express the range of other than 1 temperature forcing variables produced by the GCMs (eg. radiation). 2
The five scenarios along with information on the time-slices extracted for our analysis and the 3 corresponding exceeded warming levels and ECS indices are shown in Table 1 2008) was also used for the bias adjustment of the aforementioned climate variables. 11
Bias correction method 12
In the present study the multi-segment bias correction (MSBC) method is used to correct the 13 precipitation and temperature data for their biases. A detailed description of the method can be soil moisture between each soil layer are described by Darcy's law and a form of Richards ' 20 equation (Richards, 1931) governs the soil hydrology. Runoff production is governed by two 21 processes: infiltration excess surface runoff and drainage through the bottom of the soil 22 column, a process calculated as a Darcian flux assuming zero gradient of matric potential 23 (Best et al., 2011) . There is also the option of representing soil moisture heterogeneity. In that 24 case total surface runoff also includes saturation excess runoff. The model allows for two 25 approaches to introduce sub-grid scale heterogeneity into the soil moisture: 1) use of 26 TOPMODEL (Beven and Kirkby, 1979) , where heterogeneity is taken into account 27 throughout the soil column, or 2) use of PDM (Moore, 1985) , which represents heterogeneity 28 in the top soil layer only (Best et al., 2011) . Calculation of potential evaporation follows the 29 Penman-Monteith approach (Penman, 1948) . Water held at the plant canopy evaporates at the 30 potential rate while restrictions of canopy resistance and soil moisture are applied for the 31 simulation of evaporation from soil and plant transpiration from potential evaporation. 32 JULES simulates fluxes at the vertical direction only. For hydrological applications this 1 means that the model calculates runoff production in each gridbox which needs to be routed to 2 estimate streamflow. The standard version of the JULES model until very recently (February 3 2015) did not account for a routing mechanism. To overcome this model limitation, we use a 4 conceptual lumped routing approach based on triangular filtering in order to delay runoff 5 response. This is applied after discriminating the gridboxes that contribute to runoff 6 production of a specific basin from the gridded model output. Determination of gridboxes 7 upstream of the gauging station location is implemented using the TRIP river routing scheme 8 (Oki and Sud, 1998) . and model agreement on a wetter change in the projected time-slice) are also shown in Figure  7 2. The change in runoff in the +4 SWL projected time-slice with respect to the baseline period 8 is expressed as both absolute and percent relative difference. It is interesting to observe the 9 variations between the models for the historical time-slice, with the low climate sensitivity 10 GFDL and NorESM1 exhibiting generally wetter patterns for northern Europe and 11
Scandinavian Peninsula, and with IPSL describing drier patterns, especially for southern 12
Europe. Concerning the overall agreement of the ensemble members in the baseline period the 13 coefficient of variation is below 0.5 for most of the European region ( instead of the average. The 10 th percentile limit is used to describe low flows that are related 7
to the creation of hydrological drought conditions. For 10 th percentile runoff, model 8 agreement in the baseline period is notably reduced compared to agreement for average 9 runoff, with the coefficient of variation for most regions exceeding 0.5 while it exceeds the 10 unity for a large part of Europe. For the +4 SWL projected time-slice, according to Figure 3 , 11 all models agree in relative decreases in runoff production in western and southern Europe 12 which are specifically pronounced in the western Iberian and Balkan Peninsulas. Another 13 common trend between the models is the significant increase in runoff production in the 14 Scandinavian Peninsula, with MIROC5 and HadGEM2 being the two ensemble member that 15 expand this wetter climate down to central Europe. 16 Regarding the ensemble mean changes, percent change in 10 th percentile runoff ( Figure 3 ) 17 shows more significant reductions (up to 100%) compared to average runoff (for which 18 changes range between -50% and 50%). It is thus deduced that the changes in low flows are 19 more pronounced than the changes in the mean, a conclusion that points towards the overall 20 intensification of the water cycle. The decreasing trend in 10 th percentile runoff covers most 21 of the west and south European area (with 80% to 100% agreement on the sign of the change) 22 while all models agree in an increase in 10 th percentile runoff in the Scandinavian region. 23
Hydrological simulation at Pan-European scale with bias adjusted Euro-24

CORDEX forcing data 25
The ensemble mean of average runoff derived from the five participating downscaled GCMs, 26 whose temperature and precipitation were bias adjusted according to the WFDEI dataset is 27 presented in Figure 4 . Bias adjustment of the forcing data resulted in a drier ensemble mean 28 runoff for the baseline period for 70.40% of the pan-European land surface, in comparison to 29 26.01% of the land area that had a wetter response after bias adjustment. The remaining 30 3.59% of the European area had changes that were classified as insignificant (see ESM 
Bias corrected data result in a small but statistically significant increasing trend (0.18 2 mm/year) in annual average runoff while for 10 th percentile runoff the trend is decreasing (-3 0.06 mm/year, statistically significant). For Kemijoki average and low flows, of raw and bias 4 adjusted forcing, are all exhibiting statistically significant increasing trends. 5
Basin scale average annual runoff production for raw and bias adjusted Euro-CORDEX data 6 as well as the +4 o C absolute and percent change for each ensemble member and ensemble 7 mean is included in Table 2 . Similar information but for low flows (10 th percentile) are 8 presented in Table 3 . In Tables S1 and S2 Figure 9 illustrates the correlation between the percent projected change in annual average and 27 10 th percentile runoff production from bias corrected and raw forcing, for the +2 and +4 28
SWLs. 29
Concerning the effect of bias adjustment it can be observed that regardless the significant 30 differences in magnitude between runoff from raw and bias corrected data discussed before, 31 the projected change in average flow by the two forcings almost coincide for the +2 SWL. For 1 the +4 SWL the GCM range has increased for Kemijoki after bias adjustment while for the 2 rest of the basins raw and bias corrected data result in very similar levels of same percent 3 change. For the projected change in 10 th percentile runoff, the larger spreading of the values in 4 Figure 9 (right column) shows that the GCM uncertainty on this field is higher. Guadiana is 5 the only basin where bias corrected data result in an improvement in GCM agreement, 6 probably due to its very low values of 10 th percentile runoff. Kemijoki is not included in the 7 10 th percentile scatterplots as its projected increase far exceeds the 100% limit selected. For 8 the rest of the basins, the effect of the bias correction on the change of the 10 th percentile 9 runoff is not constant. For Guadiana and Elbe bias adjustment mostly increases percent 10 change while for Rhine and Danube percent change is in general terms decreased after bias 11
correction. 12
Comparing the difference on percent projected change in average annual runoff from +2 to +4 13 SWL it can be observed that temperature increase results in a slight decline in percent change 14 for basins with small absolute values of change, causing sign changes for Danube and Rhine, 15
and it intensifies the negative and positive changes of Guadiana and Kemijoki respectively. For all basins the raw data result in overestimates of runoff production which is though 7 significantly reduced after bias correction. E-OBS corrected data however produce values 8 lower than the observations (with the exception of Guadiana) while the WFDEI-corrected data 9 produce the best simulation in terms of approximating the observed values. From Figures S1  10 and S2 of the ESM (showing the effect of bias correction on the forcing variables of 11 precipitation and temperature) it can be deduced that that E-OBS corrected precipitation has 12 lower values than precipitation adjusted against the WFDEI dataset. This explains the lower 13 runoff produced by the E-OBS bias adjusted dataset, as it is reasonable for the differences in 14 precipitation to reflect on the output of the hydrological model. As already has been revealed 15 concluded that the choice of correction decade has the smallest contribution to total 26 uncertainty. In this paper we address another uncertainty source; that of the dataset used for 27 correction. It was found that the WFDEI-bias corrected simulation captured better the past 28 hydrological regime compared to the E-OBS-bias corrected configuration. The differences 29 between the two simulations abate when results are expressed as percent change but still their 30 variation are of the same magnitude as that between raw and bias corrected data. This implies 31 that the selection of the observational dataset used for bias correction is not a trivial step of the 32 modelling procedure and it should be treated as an extra factor that causes the uncertainty 1 window of the projected hydrologic conditions to further open 2 3
Conclusions 4
In this paper, the future mean-and low-hydrological states under +4 o C of global warming 5
were assessed for the European region, using the novel dataset of the Euro-CORDEX climate 6
projections. An analysis of the changes in future drought climatology was performed for five 7 major European basins and the impact of to severely affect the hydrological state, which is however already significantly altered at +2 27 SWL compared to pre-industrial. 28
Bias correction results in an improved representation of the historical hydrological conditions. 29
However, raw and bias corrected simulations exhibit minor variations for results of statistical 30 interpretation (in our study: percent change, number of days under drought threshold). 31
The dataset used for bias correction can affect the quality of the projections in absolute terms 1 to a great extent. The comparison performed here showed that the WFDEI-corrected dataset 2 produces simulations that capture better the past observed hydrologic state compared to the E-3
OBS-corrected dataset and should thus be preferred for bias correction applications over 4
Europe. The selection of the "correct" dataset is an added uncertainty to the climate impact 5 modelling chain, with magnitude similar to that of the bias correction procedure itself. 6 7 8 9
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